Abstract Bio-syncretic robots made up of living biological systems and electromechanical systems may have the potential excellent performance of natural biological entities. Therefore, the study of the bio-syncretic robots has got lots of attention in recent years. The 3D skeletal muscles have been used widely, due to the considerable contraction force and the controllability. However, the low differentiation quality of the C2C12 in the tissues hinders the broad application in the development of the skeleton muscle actuated bio-syncretic robots. In this work, an approach based on circular mould and rotary electrical stimulation to build high-quality muscle rings, which can be used to actuate various bio-syncretic robots, has been proposed. Firstly, the advantage of the proposed circular mould for the muscle rings culture has been shown by simulation. Then, the muscle rings have been fabricated with different moulds using the experiment-optimized compositions of the biological mixture. After that, the muscle rings in the circular moulds with different electrical stimulations have been cultured, to show the superiority of the proposed rotary electrical stimulation. Moreover, the contractility of the muscle rings have been measured under the different electrical pulses stimulation, for the study of the control property of the muscle rings. This work may be meaningful not only the development of bio-syncretic robots actuated by 3D muscle tissues but also the muscle tissue engineering.
I. INTRODUCTION
Robotics as the representatives of the modern high-end technologies and intelligent equipment are important for the development of manufacturing, society, military and so on. From the birth of industrial robots in 1950s, the robotics has been used widely in manufacturing, and has greatly improve the production efficiency and quality [1] . Along with the development of the mechanical engineering, electronic engineering, information technology and artificial intelligence technology, the application of robots has been expanded to the fields of rehabilitation, medicine, service and so on [2] [3] [4] . Meanwhile, more performances of robots including inherent safety, high energy efficiency and so on, have been required for serving human being better.
Although the robotics have been widely studied in the past several decades, the requirements mentioned above are still the main bottlenecks of the robotics development. The primary reason may be attributed to that the traditional robots based on electro-mechanical systems are still machines composed of rigid mechanical materials and actuated by mechanical motors. Therefore, the traditional robotics research method based on the mechatronics is difficult to make essential breakthroughs in the intrinsic safety and performance.
However, the natural world has evolved over billions of years, and has created wonderful organisms. The performances of the natural organisms were incomparable to the artificial materials and systems. For example, the artificial electromechanical systems have a low energy conversion efficiency (< 30%) during mechanical motion, and will produce large heat losses; while, muscle cells can use the chemical energy in the growing environment directly to execute mechanical work with a higher efficiencies ( 50%) than those of artificial actuators [5, 6] . In addition, most of the living materials are soft and flexibility [7] , therefore they have greater inherent safety for human-machine integration. Inspired by the biological characters, directly utilizing the excellent performances of the natural organisms by merging biological systems and traditional electromechanical systems could be an effective mean to develop a new type of robots. .bio-syncretic robots, which may possess the advantages of both biology and machine electricity, including biological high energy efficiency and power-to-weight ratio [8, 9] , and electromechanical high strength and accuracy [10] .
Due to the potential advantages of the bio-syncretic robots, in the past decade, researchers have made a lot of effort to realize the combination of biological materials and non-living materials, and have made important progress especially in biosyncretic actuation. For the purpose of obtaining effective actuation force by biological materials, different living actuators have been used in the development of bio-syncretic robots, such as molecular motors [5, 11, 12] , muscle cells [13] [14] [15] [16] [17] [18] , insect dorsal vessel tissues [19, 20] , and microorganisms [21] [22] [23] [24] [25] .
In consideration of the effective driving force, controllability, and alterable size, the skeletal muscles may be more suitable for the main actuators of bio-syncretic robots than others, because that the skeletal muscles are the primary factor in the movement of animals. Therefore, various biosyncretic micro robots actuated by skeletal muscles cells have been reported. For example, the Morimoto et al. have demonstrated a manipulation robot actuated by two skeletal muscle tissues [18] . The robot can execute about 90° of rotation and has about one week lifetime. Then, to show the application of the robot, the researchers have controlled the robot to pick and place objects by stimulating each skeletal muscle tissue on the manipulation robot.
However, obtaining the contractive skeletal muscle tissues is the basic to develop the bio-syncretic robots actuated by the living muscles. The common approach to getting contractive multiple myotubes tissues is by differentiating C2C12 myoblast cells into myotubes with the low concentration of horse serum [26] . Moreover, researchers have attempted to apply electric pulse stimulation to improve the proliferation, differentiation, maturation, and contraction of skeleton muscle tissues [27] [28] [29] , due to that the electrical stimulation of nervous system is one of the most important cues for the development of functional muscles [30] . Although much efforts have been made to improve the performance of the skeleton muscle tissues, some shortcomings, such as the nonuniformity and low differentiation rate of the skeleton muscle tissues, still limit the application of them in the development of the bio-syncretic robots.
In this work, to obtain uniform structural skeleton muscle rings, which are universal for various kinds of micro robots actuated by muscle cells, the circular moulds have been proposed. To improve the differentiation rate and differentiation uniformity, the rotary electrical stimulation based on the circularly distributed multiple electrodes (CDME) has been implemented. To demonstrate the advantage of the proposed circular mould in the development of the skeleton muscle rings, the stresses of the gelatin tissues in the circular mould and rectangular mould were simulated with ANSYS. Then, the experiment of fabricating muscle rings in different moulds were implemented. To optimize the components of the muscle rings, different concentrations of fibrinogen have been used in the experiment. To show the effect of rotary electrical stimulation, the muscle rings in the circular moulds without electrical stimulation, with fixed electrical stimulation and rotary electrical stimulation have been cultured. In addition, the differentiation results of the muscle rings in different experimental groups have been measured by immunofluorescence. After that, the contraction properties of the muscle rings under different electrical stimulations have been measured to study the controllability of the muscle rings, which will be used on the bio-syncretic robots. This work is useful not only the development of bio-syncretic robots but also the muscle tissue engineering.
II. MATERIALS AND METHODS

A. Equipment and Experimental Setup
In this work, different moulds including circular and rectangular moulds (Fig. 1A ) were used to analyze the effect of different stress distribution on the development of muscle tissues. The volume of the two kinds of moulds were all 0.75 ml. The mould were fabricated by the established procedures as below: 1) the geometric structure of the moulds were designed using the software SolidWorks; 2) a polymethyl methacrylate (PMMA) negative-mould was manufactured by a mini-type miller (ROLAND EGX-400, Japan) based on the designed dimensions as the previous report [21] ; 3) the uncured PDMS (10:1) was poured into the PMMA mould and cured at 75 °C for 4 hours; 4) the cured PDMS moulds were peeled from the PMMA moulds, and were bonded in Petri dishes with PDMS. To study the promotion of different electrical stimulation for the differentiation of the myotubes in gelatin tissues, the rotary electrical stimulation based on the CDME and the fixed electrical stimulation based on parallel electrodes (PE) have been used in the culturing of cells in the circular moulds (Fig.  1B) . The CDME used in this work was made up of 8 glassy carbon electrodes of 20 mm × 10 mm × 2 mm (Length × Width × Thickness). The electrodes were uniformly fixed on a cover of a petri dish of 60mm diameter (Fig. 1B) . To stimulate the gelatin tissues in the moulds, the moulds including the tissues were fixed on the center of the petri dishes with PDMS. To stimulate the circular muscle rings in multiple directions, in the stimulation process, a pair of electrodes of CDME directly opposite to each other were used at the first period. To rotate the electrical direction, the next pair of electrodes were used at the next period. The included angle between the two contiguous steps was 45° (Fig. 1B) . The duration time of each step was controlled by a computer. To compare the effect of the rotary electrical stimulation with the fixed electrical stimulation, a pair of PE were used in this work (Fig. 1B) . The PE was composed of 2 glassy carbon electrodes of 20 mm × 20 mm × 2 mm (Length × Width × Thickness), which were fixed on a petri dish cover with a gap of 40 mm. In the experiment, a modified bidirectional pulse stimulator (Master-9, AMPI, Israel) was used to offer the electrical pulse for each electrode. During culturing the cells, the devices including the petri dishes and electrodes were placed in a cell incubator. The electrical pulse was imported into the incubator from the outside stimulator by wires.
B. Simulation and Analysis of Stress
To demonstrate the advantages of the proposed circular moulds compared with the rectangular moulds used in the previous work, the stresses generated in gelatin tissues during the gelatin shrinking in different moulds were simulated using the commercial software package ANSYS. Then, the growth, differentiation, and arrangement of the cells in the gelatin tissues can be analyzed according to the simulation result. The dimensions and mechanical properties of the materials used in the simulation, such as Polydimethylsiloxane (PDMS) and gelatin, were set based on the real parameters of each material. The shrinkage behavior of the gelatin tissues would be realized by the heat contraction property of materials in the simulation process.
C. Cell Preparation and Experiments Grouping
The gelatin tissues used in this work were composed of Matrigel (Solarbio, Beijing, China), fibrinogen (Sigma Aldrich, St. Louis, MO, USA), thrombin (Sigma Aldrich, St. Louis, MO, USA), and C2C12 myoblasts (American Type Culture Collection, Manassas, VA, USA), according to the relative reports [17, 26] . Two kinds of medium were used in this work to induce the myoblasts to differentiate into contractive myotubes. The growth medium (GM) consisted of the 89% Dulbecco's Modified Eagle Medium (DMEM, High glucose, Gibco), 10% Fetal Bovine Serum (Gibco), 1% penicillin-streptomycin. The differentiation medium (DM) was composed of 97% DMEM, 2% Horse Serum (Gibco), and 1% penicillin-streptomycin. The gelatin tissues were cultured as below: firstly, the biological mixture was injected into the corresponding moulds; secondly, the moulds containing mixture were cultured in the petri dishes without any medium at 37 °C and 5% CO2; then, the GM was added into each petri dish when the mixture formed into gel after culturing 1 hour; 3 days later, the GM was abandoned, and the DM was poured into each petri dish to induce the cells to differentiate; 24 hours later, the primary DM was replaced by the fresh DM; afterwards, the DM was renewed every other day, until the contractive muscle rings formed and were used for experiment after cultured in DM for 7 days.
To optimize the concentration of the fibrinogen in the gelatin tissues, five experiment groups, which contain different concentration of fibrinogen (1 mg/ml, 2 mg/ml, 3 mg/ml, 4 mg/ml, and 5 mg/ml), the same concentrations of thrombin (0.5 U/mg-fibrinogen), matrigel (30%), and cells (5×10 6 cells/ml), were set. Then, the cells quantity in each mould and corresponding muscle ring was measured using a microplate reader. To demonstrate the superiority of the proposed circular moulds compared with the rectangular moulds in the development of muscle rings. The gelatin tissues were cultured in two groups including different moulds. Then, the muscle rings obtained in each group were measured with fluorescence microscope (Nikon, Ti-E) and ImageJ. To study the effect from different electrical stimulation, the gelatin tissues in circular moulds with rotary electrical stimulation, with fixed electrical stimulation, and without any electrical stimulation were cultured to differentiate into muscle rings. After culturing 2 days, the corresponding electrical stimulation were exerted in each experimental group. As to the rotary electrical stimulation, the electrical pulse of 2 V/cm, 10 ms pulse width, and 1 Hz frequency was inputted into corresponding electrodes. The included angle and interval of each contiguous electrical field direction was 45°and 30 s. And the electrical stimulation in this work runs each 1 hour with 1 hour internal for 1 day. After 7 days culturing in DM, the muscle rings from each group was measured with the fluorescence microscope and ImageJ.
D. Cell Viability Assay
The cell viability in each gelatin tissue and muscle ring was measured with Cell Counting Kit-8 (CCK-8, Dojindo, China) $&# ($ ( "#)()&&/' #'(&)($#' $%&($# steps were as below: firstly, the different biological mixture or muscle rings were put into a 96-well plates; secondly, the CCK-8 solutions were added and incubated for 4 hours at 37 °C and 5% CO2. Then, the absorption at 450 nm was measured using a microplate reader (Thermo, Varioskan Flash). Each experiment was repeated 5 times individually. After that, the cell viability in each gelatin tissue and muscle ring was analyzed based on the measurement result.
E. Staining and Measurement of Cells
To measure the quality of the myotubes in each muscle ring from different experimental groups, the myosin heavy chain protein was marked with the Anti-Myosin Heavy Chain Alexa Fluor 488 (eBioscience, USA), and the cellular nucleus were marked with the 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA). The steps of gelatin tissues stain were as below: 1) after removing the medium, the tissues were washed 3 times with PBS; 2) the protein of tissues was fixed by fixative (Beyotime, China) for 10 min; 3) the tissues were washed 2 times using cell-scrubbing solution (Beyotime, China), each for 5 min; 4) the Anti-Myosin Heavy Chain Alexa Fluor 488 was used to cover the tissues for 30 min without light; 5) the tissues were washed 2 times using cellscrubbing solution, each for 5 min; 6) the tissues were stained with DAPI for 10 min; 7) the tissues were washed 2 times using cell-scrubbing solution, each for 5 min. After that, the commercial fluorescence microscope was used to measure the cells in each muscle ring.
F. Data Acquisition and Processing
The continuous contractive motion of the muscles rings under the electrical stimulation were recorded using the record software of the commercial fluorescence microscope with the frame frequency of 25 fps. Then, the deformation of each contracting muscle ring was measured with a Matlab program wrote by ourselves. The fluorescence intensity of the cells were analyzed using ImageJ. The undescribed statistical graphs in this paper were obtained by five experimental samples.
III. RESULT AND DISCUSSION
A. Simulation and Analysis of Stress
The stresses generated by the circular mould and rectangular mould were simulated with ANSYS respectively. $)#/' "$)!)' $ ( mould used in this +%&"#( *' # ' # ( $''$#/' &($ was 0.49 [31] [32] [33] [34] . The mechanical properties of the biological gelatin were '( ($ $ $)#/' "$)!)' $ $''$#/' &($ # -1 of thermal strain. The strain and stress distribution generated in different moulds by the gelatin tissues shrinking were simulated with analyzed. The result showed that the stress and strain in the circular mould was more uniform than those in rectangular mould (Fig 2B) . That indicate that the proposed rectangular may provide the more suitable physical environment for the differentiation of C2C12 in the 3D tissue compared with the rectangular mould. 
B. Fabrication of Muscle Rings
To compare the function of the proposed circular moulds for the formation of the muscle tissues with those of the rectangular moulds, the same biological mixture (4 mg/ml of fibrinogen, 0.5 U/mg-fibrinogen of thrombin, 30% of matrigel, and 5×10 6 cells/ml) was injected into different moulds to be cultured. The result showed that after culturing 1 day in GM, the gelatin tissues in the circular moulds can shrink to form regular circular tissues. While, that in the rectangular moulds #/( '&# )#$&"!, # ). After culturing 7 days in DM, the biological tissues in all the moulds can form circular tissues, however, the width of the muscle rings generated by the rectangular moulds were irregular ( Fig. 3B and E), which was disadvantageous for the differentiation of the C2C12 in the 3D gelatins and actuation of the muscle rings. In addition, the muscle rings generated in the rectangular mould were easy to break. Moreover, the microstructure in each muscle ring demonstrated that the myotubes in the proposed circular moulds were more orderly, longer and thicker than those of the rectangular moulds ( Fig. 3C and F) . That means the circular moulds are more suitable for the development of the muscle rings used to actuate micro robotics. The reason for the advantages of the proposed circular moulds can be attributed to that the gelatin around a cylinder will generate uniform inner stress during the cells growing in it, the tissue structure in the circular moulds can be uniform around the cylinder (Fig. 2) . Therefore, the following experiment in this work was implemented with circular moulds.
C. Viability Measurement of the Cells in Different Tissues
The gelatin tissues with different concentration of fibrinogen (1-5 mg/ml) and the same concentrations of cells, thrombin, and matrigel were cultured. Firstly, the biological mixed gels were cultured in a 96-well plate. After 7 days in DM, the cell viabilities of different wells were measured with the microplate reader. The result demonstrated that the cell viability decreased with the increasing concentration of the fibrinogen in each gelatin tissue (Fig. 4A) . The reason can be that the high concentration of fibrinogen may prevent the growth of the cells in it. Secondly, the different biological mixtures used above were put into the proposed circular moulds to be cultured. After 7 days in DM, the 3D muscle tissues were taken out and put into a 96-well-plate to be measured by the microplate reader. The result showed that the cell viability increased with the concentration of the fibrinogen in each muscle tissue (Fig. 4B) . The reason may be attributed to that the gelatin tissue with low concentration of fibrinogen had little intensity to pack more cells in it during shrinking. Therefore, taking the cellular growth state and inclusion into comprehensive consideration, the optimized concentration of fibrinogen can be set as 4 mg/ml. 
D. Differentiation of Tissues with Different Stimulations
To study the effect of electrical stimulation, the biological tissues in the circular moulds were divided into three groups with different environments, including the rotary electrical stimulation, the fixed electrical stimulation, and without electrical stimulation. To compare the differentiation of the C2C12 cells in each muscle ring, the fluorescent images of the myosin heavy chain protein the cellular nucleus in each ring were obtained with the fluorescence microscope. Then the fluorescence intensity (FI) was measured using ImageJ. The result showed that the experimental group with rotary electrical stimulation has more myosin heavy chain in the cells than those stimulated with fixed electrical stimulation. And the group without any electrical stimulation showed the least FI in the three groups (Fig. 5) . This result means that the proposed rotary is more suitable for the development of the muscle tissues in the circular moulds. 
E. Contraction Response of Muscle Rings to Electrical Stimulation
To study the contractive performance of the differentiated muscle rings for the actuation of bio-syncretic robots, the external electrical stimulation with different parameters, including the various pulse amplitudes, widths, and stimulation frequencies, have been used to stimulate a muscle ring to contract. Then the contractility was measured with soft PDMS pillars (Fig. 6A) according to the previous work [34] .
Firstly, to study the effect of different stimulation widths on the contraction of the muscle ring, the electrical stimulation with the parameters of 1 Hz stimulation frequency, 8 V pulse amplitude, and various pulse widths (5 ms -25 ms) were used in this work. The result showed that, the contractility increased with the pulse width when the pulse width was less than 20 ms (Fig. 6B) . Secondly, the relationship between the contractility of the muscle ring and the pulse amplitude was studied with the electrical stimulation with the 1 Hz stimulation frequency, 20 ms pulse width, and different stimulation amplitudes (2 V -10 V). As shown in Figure 6C , the contractility increased with the increasing pulse amplitude less than 8 V.
Thirdly, the different continuous stimulation frequencies (1 Hz -7 Hz), and the same other electrical stimulation parameters including 8 V pulse amplitude and 20 ms pulse width, were used to study the contraction performance of the muscle ring. The result was showed in Figure 6D , the contractility decreased with the increasing stimulation frequency. The reason of the decreasing contractility can be attributed to that the mus! &# #/( &!' $"%!(!, before the following electrical stimulation was exert when the stimulation frequency was higher than a certain value. The maximal contractive force of a single muscle ring measured in this work was 110.25 0. 
IV. CONCLUSION
The natural biological entities have the excellent performances in sensing, intelligence, and actuation, which are irreproducible by the artificial materials. The biosyncretic robots constituted by directly using the living biological systems and the traditional electromechanical systems is a potential trend of the robotics development. The skeleton muscles are the most potential bio-actuator for the bio-syncretic robot actuation among the current used biological materials.
In this work, an approach to structure the 3D living muscle rings with circular moulds and rotary electrical stimulation has been proposed for the bio-syncretic robots actuation. The results obtained by simulation and experiment with biological materials indicated that the circular moulds could improve the quality of the muscle rings, and the rotary electrical stimulation was significant for the development of the myotubes in the 3D tissues. In addition, the concentration of the fibrinogen in the biological mixture has been optimized by the measurement of the cell survival. Moreover, the contraction performance of the 3D muscle rings obtained by the proposed method has been studied by the different electrical stimulations. The result showed that the contractility of the muscle rings changed with the various electrical parameters, including the pulse width, amplitude, and frequency.
These results obtained in this work will be useful for the following study of the manufacture and control of the biosyncretic robots based on the muscle cells. The proposed approach will be good for not only the research on the biosyncretic robots but also the development of the muscle tissue engineering.
